Self-terminated electrochemical etching is applied to fabricate needle electrodes for ion traps. We study the surface morphology of the electrodes with scanning electron microscopy and atomic force microscopy, and find that the surface curvature and roughness can be reduced by optimizing the etching parameters. Our method provides a convenient and low-cost solution to improve the surface quality of electrodes for ion traps.
Introduction
Needle electrode is one of the most common geometries of electrodes used in Paul traps for trapped ion quantum information processing (QIP) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . As examples, three different Paul traps, including the 3-fork needle trap [10] , the "tack" trap [5] , and the linear Paul trap [11] , are shown in Fig. 1 , where needle electrodes generate either radio-frequency (rf ) or DC voltages for ion trapping. It is highly desired to minimize surface roughness of these needle electrodes, because a rough surface could contribute to anomalous heating of ion. Such hearing is usually much higher than the thermal Johnson noise [12] . Anomalous heating not only reduces the trapping lifetime of ions, but also limits the fidelity of quantum gate operations [13] [14] [15] [16] [17] . Currently such anomalous heating is a major obstacle to scalable trapped ion QIP.
In practice, anomalous heating can be suppressed either by cleaning surface or reducing surface roughness [12, 16, 18, 19] . Surface roughness is characterized by parameters including the root-mean-square roughness, the maximum roughness depth, and the mean spacing of the local peaks of the profile [20] . Reducing surface roughness results in a more uniform work function and less surface contamination, which helps to reduce the electrical noise from the surface [12] . Currently state-of-the-art surface processing techniques are able to reduce the surface roughness to nanometer level [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , but these techniques usually requires the specialized equipments of surface science, which are too complicated for most ion trap research groups.
Instead, electrochemical etching has been used as a convenient technique to improve the surface quality for various applications. Previously, a high-speed computer-controlled circuit was used to control the speed and time of electrochemical etching, enabling fabricating high surface quality metal tips for scanning tunneling microscopy (STM) [31] [32] [33] [34] [35] . 171 Yb + trapped in a). c The "tack" trap [5] . d The four-rod linear traps [11] It is interesting to study if controllable etching process can also be used for the fabrication of ion-trap electrodes to improve the surface quality. However, the etching procedure used for the STM tips can not be applied to the ion-trap electrodes directly, because the ion-trap electrodes have very different geometries comparing with the STM ones. As shown in Fig. 2 , the STM tip has a rapid decrease in curvature over a short distance which is required by surface probing, while the needle electrode prefers a long and gradual taper towards the apex which helps to reduce the fluctuation in the surface electric field. Here we present a self-terminated electrochemical etching technique for ion-trap needle electrodes, which can produce smooth surface with a large (1000:1) length-to-width aspect ratio.
Setup and procedure
Our experimental setup is shown in Fig. 3 . Sodium hydroxide solution (NaOH, 400 ml of 2 mol/L) is used to etch a tungsten rod. The tungsten rod can be moved vertically The self-terminated electrochemical etching setup. The tungsten rod is immersed into NaOH solution as anode and can be moved vertically by a computer-controlled translation stages. Two stainless steel (SS) tubes are placed in the beaker, where the larger one produces an etching electric field with circular symmetry, and the small one protects the down-piece when the rod separates into two pieces. The plastic tube surrounding to the down-piece is used to suppress the etching reaction by a computer-controlled translation stage. The etching process separates the tungsten rod into two pieces: the up-piece and down-piece. When the process ends, the downpiece falls to the bottom of the beaker. We find that the etched tips of the up-piece and down-piece have quite different profiles. While the up-piece has a sharp tip profile due to the surface tension of the solution, the down-piece has a tapering tip profile with a large length-to-width aspect ratio [33] , which is more suitable for the needle-electrode. We also notice that the freshly-etched metal surface of the down-piece is preserved in the solution, while the etched surface of the up-piece will be oxidized in the air. Based on these findings, we use the down-piece as needle-electrodes for all our experiments.
The tungsten rod is connected to the positive pole of a power supply with the maximum output of 30 V and 3 A. There are two stainless steel (SS) tubes placed in the beaker. By placing the graphite cathode outside the large SS tube, we prevent the tungsten rod from the electrolyte turbulence. The smaller SS tube is used to protect the down-piece when it falls down. We also use a non-reactive plastic tube to control the etching speed. Inside the plastic tube, the etching speed is significantly suppressed. We adjust the etching length of the electrode by varying the length of the rod in and out of the plastic tube. With this design, the etching speed can be adjusted, allowing us to fabricate the electrodes with controllable length-to-diameter ratios.
The chemical reactions for electrochemical etching of tungsten with sodium hydroxide are described by [36] :
This etching process is self-terminated when the tungsten rod necks at solution surface and separates into two pieces [35] .
A typical experimental procedure is described as follows. We first mill and polish the tungsten rod to a right size. Then the rod surface is pre-cleaned by sodium hydroxide solution. The tungsten rod is carefully aligned so that it is perpendicular to the solution surface. We adjust the length immersed into solution so that it is slightly longer than the desired electrode length (e.g. 42 mm rod immersed into solution for 41 mm long electrode). After the etching starts, we adjust the position of the plastic tube to control the etching speed. In the end, the rod is etched into two pieces and the down-piece falls, which self-terminates the etching process. The down-piece is then taken out and washed by distill water before it is stored in an argon gas box. The argon gas prevents the freshlyetched surface of the needle electrode from oxidizing. Following the fabrication, we use scanning electron microscopy (SEM) and atomic force microscopy (AFM) to study the dependence of surface morphology on the etching parameters.
When implementing the above procedure, we find that a few things are crucial to fabricate electrodes with high surface quality. It is important to keep the tungsten rod exactly perpendicular to the solution surface and in the the center of the larger SS tube. Otherwise, the tip profile will no longer have cylindrical symmetry. For translating the rod during the etching process, it is required to pull the tungsten rod up instead of pushingdown because pushing-down will result in the multi-level etching on the down-piece. By pulling up, the multi-level structure only appears on the up-piece shown in Fig. 4 .
Result and discussion
Etching parameters, such as temperature, voltage, solution concentration, metal purity, immersion depth, and environmental vibration, determine the profile and surface roughness of needle electrodes. Here we adopt the trial-and-error method to optimize these parameters. We first fabricate more than 200 electrodes with different etching parameters. We then use optical microscopy and SEM to image the surface profiles, shown in 5 with typical images. After that, the specification of surface roughness is recorded by AFM. By studying the dependence of the surface roughness on the etching parameters, we optimize the etching process to reduce the surface roughness. The detailed effects of individual etching parameters are summarized below.
Etching voltage
The current density vs. voltage (j -V) curve of a specific electrochemical etching process (a 0.5 mm diameter rod with a immersion depth of 40 mm in 2 mol/L NaOH solution) is shown in Fig. 6 . For different etching voltages, the specifications of the surface roughness with Ra (arithmetic average of absolute values), Rq (root mean squared), and Rt (Maximum Height of the Profile) are shown in Table 1 . We find that Zone I in Fig. 6 represents the direct dissolution of the anode, known as regular etching. Zone II represents the formation of a passivated layer on the anode surface, where the current saturates as the voltage increases due to the diffusion of anode atoms into the passivated layers. Zone III is the polishing zone where the passivated layer stabilizes, where the bulges on the surface have higher local electric fields and are easily dissolved by the solution. We verify that Zone III is the ideal region to minimize the surface roughness [37, 38] . As shown in Fig. 6 , the maximum voltage in Zone III is 6 V, where we find that the surface roughness is reduced significantly with Ra 6.63 nm, Rq 8.72 nm, and Rt 67.8 nm respectively. In Zone IV, the passivated layer starts to break down, and oxygen become visible on the anode (2H 2 O → 4H + + O 2(g) + 4e − ). Due to the formation of oxygen bubbles, the surface becomes much more rough with the appearance of pits. Finally, at the high voltage side of Zone IV, the electrolyte solution begins to decompose and turbulence develops in the solution, where the etching process becomes uncontrollable.
For tungsten rods with different diameters, the optimal etching voltage changes slightly: the larger diameter rods have the larger optimal voltage. We have tested rods with diameters at 0.5 mm, 1 mm, 1.6 mm, 2.0 mm, 2.4 mm, and 4.0 mm. We find that one can start Fig. 5 The tungsten tip images. The left optical image is from an optical microscope with 500x magnification. The right SEM image has the 5000x magnification and the embedded one has a 80000x magnification 
Immersion depth
The dependence of etching current on the immersion depth is almost linear in Zone III and logarithmic in Zones I and II, as shown in Fig. 7 . This relation can be explained as follows: In the polishing region of Zone III, the surface is very smooth so that the current density is constant, resulting in a linear relation between the total current and the immersion depth. For the lower voltage, the electrode has surface defects accumulated against the diffusion of electrons and ions, and the dependence of the current on the immersion depth is not linear any more.
Solution concentration
The lower solution concentration has higher resistance and thus increases the optimal etching voltage. The solution of higher concentration results in the formation of crystallites on the anodes, which increases the surface roughness. To reduce surface roughness, the concentration of electrochemical fluid is around 2 mol/L in our experiments.
Protection tube
The larger stainless steel tube acts as a shield cathode surrounding the tungsten electrode. Due to its cylindrical symmetry, the electric field is also cylindrical, making the etching on the rod cylindrically symmetric. This tube also help to keep the solution at rest near the anode region. We find keep cylindrical symmetry is important during the whole etching process. Once the symmetry is broken, the etching process will no longer be isotropic, leading to an irregular geometric profile of the electrode.
Rod surface
The initial rod surface roughness is also important to the final surface roughness after etching. The commercial tungsten electrodes are chemically pure (e.g. pure tungsten from McMaster-Carr # 8000A511). Because of the existed oxidization layers, the surface of these rods needs to be cleaned before the formal electrochemical etching. These oxidization layers can be dissolved by immersing them in sodium hydroxide solution for 1 minute and then cleaning the residue with distilled water.
Conclusion
The fabricated needle electrodes have been used to make a 3-fork needle trap, shown in Fig. 1(a) for our trapped ion experiments [10] . The trapping life-time is 24 hours averagely for a single trapped ion. In summary, we present a convenient and self-terminated electrochemical etching method to fabricate needle electrodes for ion trap. By studying the surface roughness dependence on the etching parameters using different imaging techniques, we have verified that the optimized etching parameters can reduce the surface roughness of electrodes significantly.
